With growing accessibility to remote sensing (RS) data, field surveys (FS) are no longer the only tool for obtaining information on river hydromorphology. The current study addresses the question of comparability between RS-and FS-based assessments of large river hydromorphological (HM) characteristics, using the Slovenian hydromorphological assessment method as a comparison tool. The applied RS approach was based on manual digitalization and free-available RS imagery, while FS were conducted using the River habitat survey. FS and RS data were obtained for 73 sites, covering a broad gradient of large river conditions, from nearly natural to severely modified. To account for natural diversity, sites were grouped into simple and complex channel sites. Furthermore, the RS approach was tested for its ability to trace changes in HM conditions along the river continuum (1,144 sites) and to detect factors of major HM change. Our research showed that FS-and RS-based approaches can give very similar outcomes in large river HM assessment, especially when assessing general HM conditions, as the high correlations of the final indices of the Slovenian hydromorphological assessment method illustrate. Stronger relationships were recognized for simple compared to complex channel sites. The applied RS approach proved its viability in tracing habitat conditions along the river continuum, exposing hydro-dams and urbanization as the main drivers of habitat change. Overall, our findings support a stronger integration of RS into HM assessments, although caution is recommended when applied on complex systems. In order to capture the whole HM diversity of large rivers, FS are still needed. Essential for HM assessments is data collection, which is traditionally conducted through field surveys (FS) (Belletti et al., 2014) ,
where first-hand, detailed information on local habitat conditions and their modifications is acquired. However, many authors (e.g., Bizzi, Demarchi, Grabowski, Weissteiner, & Van de Bund, 2016; Gilvear, Davids, & Tyler, 2004; Gilvear, Hunter, & Higgins, 2007 ) also recognize the disadvantages and limitations of FS, especially in relation to hydromorphologically diverse and/or remote sections of large rivers.
FS are generally considered labour-intensive, time consuming, and costly, making them rigid for application and less appropriate for multiscale research or studying gradual changes along the river continuum. FS are typically limited to a reach-scale length of mostly a few hundred meters of a river, capturing only a small portion of the whole spectrum of variation throughout the system (Marcus & Fonstad, 2010) . New approaches enabling detection of environmental conditions and processes from the distance, collectively described by the term remote sensing (RS), present a promising alternative to overcome at least some of the inconveniences related to FS.
Avoiding transport and labour costs, dependence on weather conditions and the potential dangers associated with FS are just some of the most obvious. Besides, RS can provide continuous coverage of a river system, capturing a wide range of variation in the HM parameters. This is important for thorough research of links between HM and ecology, as well for effective river management, where the ability for identifying and locating significant drivers of change is of utmost importance for choosing effective mitigation measures.
Many countries are rapidly acquiring and continuously updating nationwide RS databases and making them more and more openly accessible. Already, more than 50% of European assessment methods combine FS with data from maps and/or RS, although mainly for preliminary purposes or to help in reach identification rather than for direct use in the assessment process (Rinaldi et al., 2013) . Giving the vast advances in RS technologies and the growing availability of RS data, an appeal for a wider integration of RS into environmental research and management is evident in the scientific literature and promoted by environmental agencies (Environmental Protection Agency (EPA), 2006; Marcus & Fonstad, 2010; Bizzi et al., 2016) . Because a partial shift from FS to RS is already underway, a comparison between FS and RS derived data is needed. To date, only few studies address this issue, focusing mainly on a single or, at most, few related HM features (Farid, Goodrich, & Sorooshian, 2006; Gilvear et al., 2004; Gilvear et al., 2007; Hestir et al., 2008; Johansen, Phinn, Dixon, Douglas, & Lowry, 2007; Marcus, Legleiter, Aspinall, Boardman, & Crabtree, 2003) , while comparisons of overall HM conditions are lacking. RS has proven to be especially useful in detecting large river characteristics (Gilvear et al., 2004; Hohensinner, Jungwirth, Muhar, & Schmutz, 2014) , whereas for smaller water bodies, the spatial resolutions of RS data and/or obscurement by trees and shadows often present an important obstacle for detecting features of interest (Gilvear et al., 2004) . Large rivers are not immune to these issues, but they present much less of a problem.
For assessing the HM status of rivers in Slovenia, the Slovenian hydromorphological assessment method (SIHM) was developed (Petkovska, Urbanič, & Mikoš, 2015; Tavzes & Urbanič, 2009; Urbanič, 2014) . The SIHM is a five-index system (Figure 1 The SIHM system in its current form is mostly based on FS data. For calculating the RHQ and RHM indices, HM data are obtained using a modified version of the UK River Habitat Survey (RHS) method (Raven, Holmes, Dawson, & Everard, 1998; Tavzes & Urbanič, 2009) . RHS is a FS method acquiring data on a multitude of HM features of the river channel and riparian area. For calculating the HLM index, the applied data-obtaining method depends on the river characteristics (e.g., size and obscurement), but for large rivers, RS is used. In the context of our research, RS techniques were applied to acquire data on as many HM features of RHS as possible, modifying the original SIHM method (hereafter SIHM-FS) into a solely RS-based version (hereafter SIHM-RS). To broaden the applicability and increase the relevance of our results, we based the RS modification of SIHM mostly on manual digitalization and data freely accessible on national or international levels (e.g., space-borne and airborne colour photography, digital elevation models, and land-use data).
The main aim of our study was to test the comparability of river HM data derived through (a) FS and (b) RS. We used the SIHM method as a comparison tool, defining the framework of the analysis.
Components of the SIHM method (variables, variable groups, and indices) were compared and correlated between SIHM-FS and SIHM-RS. The results of previous studies highlight the limitations of RS in detecting especially small-scale characteristics. Hence, our basic question was whether the information lost, due to the inability of integrating data on all individual RHS features into SIHM-RS, was still small enough to enable a reasonable comparability in assessing broader HM conditions, embodied in the SIHM indices. Furthermore, the results of SIHM-RS were tested for their ability to trace gradual changes in HM conditions along the river continuum and for their potential to pinpoint the underlying factors responsible for triggering HM change. For management purposes, it is crucial that habitat assessments also have biological significance (Cortes, Varandas, Hughes, & Ferreira, 2008; Tavzes & Urbanič, 2009) , thus a biological validation of the newly developed SIHM-RS was carried out. In this context, we examined the relationship between the HQM index derived from RS (HQM-RS) and the Slovenian multimetric index for assessing the HM alteration impact on benthic invertebrates in large rivers (SMEIH VR ; Urbanič, 2014). . There are seven rivers in Slovenia, which, at least in their lower sections, meet these criteria.
They are locally known as: Drava, Mura, Sava, Ljubljanica, Krka, Kolpa, and Soča.
| Data acquisition
FS were conducted as part of the ecological assessment system development programmes in Slovenia, using an adapted RHS version (Raven et al., 1998; Tavzes & Urbanič, 2009) 
| Data processing
RHS data obtained through FS were used to calculate the relevant SIHM elements (variables, groups of variables, and indices) in the conventional manner described by Tavzes and Urbanič (2009) . With RS data, some adjustments and modifications were needed. After RS data were obtained, and prior to appointing weights to individual categories, categories of spot check variables were normalized to a scale from 1 to 10, to align with the FS model. If not normalized, Weights were appointed to categories of each of the recorded features (Appendix S1), depending on its influence on the benthic invertebrate community as described by Tavzes and Urbanič (2009) .
With RS, some categories could not be properly distinguished (e.g., vegetated side bars and berms) and were thus joined and appointed a weight calculated as the average of the weights of the joined categories. These weights formed the basis for calculating values of individual variables, variable groups, and four of the five HM indices (RHQ, RHM, HQM, and HMM) of the SIHM system (Tavzes & Urbanič, 2009 ).
| Data compilation and comparison analysis
FS were conducted on 73 sites, covering a broad gradient of HM conditions, from nearly natural to severely modified. FS data obtained for each FS site were compared to RS data of the corresponding RS segment. Because the locations of FS sites were predetermined by the data source (see above), while the location of each RS segment was fixed by its position in the RS segments' sequence, most FS sites and RS segments did not precisely geographically match. Nevertheless, the spatial overlay between comparative pairs of FS sites and RS segments was always over 50%. This compromise was considered acceptable because natural and most anthropogenic features of large rivers generally do not change dramatically at such small spatial scales.
The 73 sites ranged from alpine to lowland rivers, and extended over four ecoregions (Illies, 1978; Urbanič, 2008) . In order to, at least partially, account for the natural diversity, sites were also grouped based on the complexity of their channel. We established two data sets, simple and complex channel, based on the HM types defined by Urbanič (2014) . Urbanič (2014) defined HM reference conditions for each eco-HM river type of large rivers in Slovenia by grouping them into one of two HM types (simple/complex channel) based on RHQ data obtained at the least disturbed sites. Because the two HM types present reference conditions, they were further refined by considering anthropogenic impact. Naturally complex sites, which were altered to such an extent, that little or no trace of complexity was left, such as sites located in impoundments or intensively urbanized areas, were considered simple channel sites (Bartley & Rutherfurd, 2005; Laub, Baker, Bledsoe, & Palmer, 2012) .
In order to calculate the HMM and HQM indices, values of RHQ and RHM were normalized according to the existing method (Tavzes & Urbanič, 2009; Urbanič, 2014) 
| RESULTS
From the total 191 HM categories included in 107 (or 56%) were obtained using RS. Of these, 82 were related to habitat quality and 25 to habitat modification. This amounts to about 55% of habitat quality categories and 60% of habitat modification categories detected using RS, which indicates that RS was somehow similarly effective in detecting anthropogenic features compared to natural characteristics. Also, the relative similar percentages of detected channel features (58%) versus riparian features (54%) showed that RS did not particularly discriminate between detection of these two types of features.
Of the initial 33 HM variables of SIHM-FS, 24 were obtained using RS. Two of these (banktop vegetation structure and bankface vegetation structure) were joined into a single variable (bank vegetation structure). SIHM-RS in its final form was thus composed of 23 HM variables, 14 related to habitat quality and 9 to habitat modification.
Variables that could not be properly detected include natural bank material, artificial bank material, unmodified bank profiles, exposed bankside roots, underwater tree roots, predominant channel substrate, channel vegetation types, choked channel with vegetation, and artificial channel material. Thirteen (57%) of the RS variables had to be obtained in a simplified or modified form (10 habitat quality variables and 3 habitat modification variables; Appendix S1), mostly by omitting or merging categories of individual variables, or due to the variable's redefinition, as in the case of the bank zone.
Considering all sites, irrespective of their HM complexity, correlations between FS and RS data for 12 habitat quality and 6 habitat modification variables were highly statistically significant (Table 1) .
Among these, no strong correlations were observed (|R S | > 0.7).
However, seven habitat quality and four habitat modification variables showed moderate strength (0.5 < |R S | ≤ 0.7). Among individual variables, land use within 50 m showed the strongest statistical significant correlation (R S = 0.68, p < .001). Correlations were generally stronger for variable groups than individual variables. All were highly statistically significant and of at least moderate strength. The group channel features showed the strongest correlation (R S = 0.73, p < .001) among habitat quality groups, whereas the group channel modification showed a slightly stronger correlation among the two habitat modification groups (R S = 0.69, p < .001). With the exception of the RHM index, all analysed SIHM indices showed strong correlations (all sites data set), with HQM picking at 0.89 (p < .001).
Comparing correlations between complex and simple channel sites showed noticeable differences. Most of the variables and variable groups showed stronger correlations for simple channel sites compared to complex sites. Strong correlations for individual variables were observed only in the simple channel data set, with channel flow (RHQ) and bank modification (RHM) reaching correlations (R S ) of 0.73 (p < .001) and 0.80 (p < .001), respectively. For complex channels, 6 moderate correlations were observed for individual variables, with bank vegetation structure showing the strongest correlation (R S = 0.70, p < .001), while for simple channels, 10 moderate correlations were observed. For variable groups, the differences in correlation strength between simple and complex channels were not that obvious. In three cases, correlations were stronger for complex channels compared to simple channels. Nevertheless, the strongest correlation was again observed in the simple channel data set, with bank modification reaching R S = 0.86 (p < .001).
For all indices, correlations were stronger for simple compared to complex channels (Table 1, Figure 4) . Correlations peaked at the final two indices of the SIHM system (HQM and HMM) and reached a climax in the simple channel data set (R S ≈ 0.95, p < .001). This correlation peak at the final two indices is partly the result of including the HLM index into their calculation (Figure 1) . Values of the HLM index for each site were identical for both SIHM variants, but were differently weighted in the HMM and HQM calculations (for a detailed explanation, see Tavzes & Urbanič, 2009) 
| DISCUSSION
The comparability between RS and FS approaches in characterizing river hydromorphology has been addressed in previous studies, but was limited only to selected HM features or particular river sections (Johansen et al., 2007) . Assessments of general HM conditions were so far not addressed. The current study is, to our knowledge, the first attempt to fill this gap, demonstrating the comparability between RS and FS approaches within the framework of an established method for assessing the overall HM status of rivers (SIHM). In this regard, our findings present an important step towards a fuller integration of RS into HM assessments, contributing to more effective research and management of large rivers.
| Acquisition of RS data
A significant proportion of SIHM variables (73%) was, in some form, obtained using RS. Most of the variables that could not be properly detected were related to in-channel features, which are generally TABLE 1 Statistically significant Spearman's correlation coefficients (R S ) calculated for selected SIHM elements (variables, groups of variables, RHQ, RHM, HMM, and HQM indices (see Figure 1) ) between SIHM-FS and SIHM-RS (Urbanič, 2014) .
The redefinition of banks in the RS approach proved to be a good compromise especially for simple channel sites, because the relationships for bank related variables and variable groups (e.g., bank features and especially bank modifications) were mostly stronger for this data set. This was expected because complex rivers generally exhibit a wider bank zone and greater variation in bank width compared to simple, often artificially confined rivers. As explained above, the fix 10 m "bank" Overall, relationship strength between FS and RS data peaked when habitat quality, habitat modification, and dam impact (HLM) were considered simultaneously (HQM, HMM), and was higher for simple compared to complex sites. Our findings imply that the divergences between RS and FS data increase with increased HM complexity of the surveyed site. In other words, when obtaining information on HM characteristics on hydromorphologically less complex sites, RS offers more comparable data to FS, especially when it comes to information about morphological alteration. One of the reasons for complexity related comparability of RS and FS data could be the already mentioned weaknesses of FS, which increase with the size and complexity of river system. On the other hand, the largest difference is evident in bank modification characteristics (variable group: bank modification), which are difficult to detect with RS when a complex riparian vegetation is present, generally an attribute of less altered and thus more complex sites.
| Changes in habitat characteristics along the river continuum
Having continuous RS data on habitat quality and modification characteristics, we could trace their changes along the course of every river interventions (e.g., reinforcement of banks, construction of lateral dikes, channel resectioning, and channel straightening) are recognized as one of the main sources of impact on river hydromorphology, causing a loss in overall complexity and important habitats (Brandt, 2000; Elosegi, Díez, & Mutz, 2010; Habersack, Jager, & Hauer, 2013; Kondolf, 1997; Previšić, Mihaljević, & Kerovec, 2007) . In our study, maximum amplitudes in fluctuations were reached where combinations of both factors were present. At these sections, habitats were most degraded, and at the same time, anthropogenic pressures were most intense. Comparing FS and RS data, in general, a roughly coherent pattern was observed. Most prominent deviations were evident for RHM on locations of intense habitat modifications. This could be an attribute of the simplified SIHM-RS, not capturing the whole diversity or severity of induced modifications, or the result of the assessor's capacity or subjectivity in recognizing or/and evaluating individual modification features.
| CONCLUSIONS
Our research showed that field-based and RS-based approaches can
give very similar outcomes in large river HM assessment, especially when assessing general HM conditions, as the high correlations of the final SIHM indices illustrate. Stronger correlations for simple versus complex channel sites reveal that the comparability between both approaches is related to the river system's complexity. When it comes to specific HM characteristics, the comparability between RS and FS data decreases, and choosing between methods should depend on the individual characteristic of interest. The focus of this study was merely to test the comparability between RS and FS data and not their quality in reflecting actual conditions. Small-scale habitat characteristics are mostly better described in the field (e.g., bank material and channel substrate), whereas many large-scale characteristics are better reflected through RS data (e.g., location and extent of backwaters, bars, islands, and ox-bows). Hence, a combination of both approaches would presumably give the most realistic assessment of actual HM conditions.
Further analysis should tackle this question. Because aquatic organisms are the focal point of river ecology research, the quality of HM data obtained with each of the two opposing data-collecting approaches should be evaluated based on the response of biotic assemblages to gradients of the competing RS and FS based variables.
